Schistosoma mansoni is a flatworm responsible for a chronic parasitic disease called schistosomiasis (or bilharziasis) (7) . Vaccines are not yet available (10) , and chemotherapy is the only way to control schistosomiasis. Chemotherapy consists of a single drug, praziquantel (PZQ). Praziquantel has been effectively used for about 40 years, and resistance to it is currently emerging (6, 11) . Consequently, the development of new drugs is an urgent need for a highly neglected disease (8, 15, 18, 19) .
Hemoglobin metabolism is a common feature of Schistosoma and Plasmodium. Host hemoglobin is ingested by schistosomes and degraded to amino acids in the ceca of the parasites. The free heme released by this metabolism is polymerized as hemozoin and regurgitated. Hemozoin is a disposal product generated by both Plasmodium and Schistosoma (14) . Targeting the free heme of hematophagous parasites via an alkylation mechanism has been the rationale for the design of hybrid molecules named trioxaquines, containing a 1,2,4-trioxane linked to an aminoquinoline (2, 13, 17) .
Since the activities of praziquantel and artemether have already been reported to be complementary on Schistosoma (20) , our first attempt with hybrid antischistosomal molecules was based on a 1,2,4-trioxane linked to praziquantel. These compounds did not reach the expected level of activity (9) . We then decided to evaluate a series of trioxaquines, molecules active against chloroquine-resistant Plasmodium falciparum strains, on Schistosoma mansoni (1, 5, 12, 13, 16, 17) , and several of these molecules were highly active on both larval and mature stages of S. mansoni (2) . On Plasmodium, trioxaquines exhibit a dual mode of action: (i) alkylation of heme via the trioxane entity, and (ii) stacking with heme via the aminoquinoline moiety, leading to the inhibition of hemozoin formation (1, 5, 12) . As reported for artemisinin derivatives (16) , trioxaquines are efficiently activated by heme, leading to the formation of covalent heme-drug adducts detected in mice infected with Plasmodium (malaria) (4) .
For a better understanding of the molecular bases of the antischistosomal activity of trioxaquines, we investigated their reactivity toward heme and hemozoin in S. mansoni. Mature S. mansoni worms were treated with trioxaquine PA1259 (Fig. 1) , and we report the characterization of heme-drug adducts generated inside the worms.
The host-parasite system used was an albino variety of Biomphalaria glabrata and a strain of Schistosoma mansoni, both from Brazil, maintained in Swiss OF1 mice (Charles River, France). Methods for mollusc and mouse infections and for parasite recovery were previously described (3). Mice were percutaneously infected using 120 cercariae and sacrificed 49 days after infection. Groups of 25 adult schistosomes, freshly recovered, were washed, placed in a 6-well Falcon plate containing 3 ml of RPMI 1640 medium (supplemented with L-glutamine and 25 mM HEPES), and stored at 37°C. Trioxaquine PA1259 (B. Meunier, F. Coslédan, and A. Pellet, 21 December 2007, patent application WO/2007/144487) was dissolved in dimethyl sulfoxide (DMSO) (100 mg/ml), diluted in RPMI 1640 medium complemented with 2.17% Tween 80, and added to the worm cultures (final PA1259 concentration, 50 g/ml; final solvent ratio of 1,000/0.95/3.8 [vol/vol/vol] for RPMITween 80-DMSO). After 3 h, all parasites were dead (no body contractions and no movement during 30 s), whereas control worms (treated with RPMI-Tween 80-DMSO [1,000/0.95/3.8, vol/vol/vol] but without drug) exhibited normal movements. The worms were washed with water, lyophilized, and crushed with sand. The powder obtained was extracted with pyridine (500 l). The mixture was vigorously stirred for 5 min, submitted to ultrasound for 30 min, and magnetically stirred at 37°C overnight. The pyridine supernatant was withdrawn, filtered, and evaporated to dryness. The residue was dissolved in DMSO (60 l) and diluted 5 times in a mixture of watermethanol-formic acid (10/90/1, vol/vol/vol).
The liquid chromatography-mass spectrometry (LC-MS) analyses were performed using an Agilent 6140 machine. The following equipment and conditions were used for LC-MS analyses: high-performance liquid chromatographic (HPLC) column, 5-m C 18 X-Bridge column (150 by 4.6 mm) (Waters); linear elution gradient from water-formic acid (100/1, vol/vol) to methanol-formic acid (100/1, vol/vol) in 30 min; flow rate, 1 ml min Ϫ1 ; injection volume of 100 l; UV-visible light at 398 nm; and electrospray ionization (ESI ϩ )-MS detection with scan range of 300 to 1,200 atomic mass units (amu). The analytic conditions were previously optimized by using chemically prepared heme-PA1259 adducts. Specifically, 3.2 mg of Fe III (PPIX)Cl, 10 mole equivalents of sodium dithionite, and 1.5 mole equivalents of trioxaquine PA1259 were dissolved in 500 l DMSO. The reaction was carried out at 37°C, under an argon atmosphere, for 2 h.
The LC-MS analyses of extracts of S. mansoni worms treated with PA1259 are reported in Fig. 2a (Fig. 2b) . This mass, corresponding to the mass of heme (616.2) plus the mass of PA1259 (485.2), can be assigned to covalent adducts between heme and PA1259. The structures and mechanisms of the formation of these adducts are depicted in Fig. 1 . As for artemisinin, alkylation of heme by the drug can indeed occur on the four meso positions of the porphyrin macrocycle, giving rise to regioisomeric adducts. In addition, the inner-sphere reductive activation of the peroxide bond of PA1259 can occur with coordination of iron(II)-heme either on O-1 or O-2, giving rise to the formation of alkoxy radicals either on O-2 or O-1, respectively. Subsequent ␤-scission of the adjacent C-3OC-11 or C-6OC-7 bond, respectively, generated C-centered radicals able to alkylate heme and provide the covalent heme-drug adducts 1 and 2. The covalent adduct 3, resulting from the hydrolysis of the hemiacetal function of adduct 2, was also detected (R t ϭ 25.1 and 25.7 min; m/z ϭ 730.3; z ϭ 1; Fig. 2c ). In addition, the isotopic patterns of signals at m/z 551.3 and 730.3 clearly showed that the corresponding adducts contained one iron atom (M-1 at 550.3 and M-2 at 728.2, respectively, due to 54 Fe). In contrast, one chlorine atom was detected in adducts at m/z 551.3 (M ϩ 1 at 552.3 due to 37 Cl), whereas adduct 3 contained no chlorine after release of the 7Ј-chloro-4Ј-aminoquinoline moiety (Fig. 1) . The heme-trioxaquine adducts 1, 2, and 3 were undetectable in all extracts of untreated S. mansoni worms. Because the worms treated with PA1259 were carefully washed before lyophilization, the detected adducts 1 to 3 were clearly contained inside the worms and cannot be considered external contamination.
These results confirm that trioxaquine PA1259 is able to alkylate heme inside Schistosoma and also strongly suggest that heme is a relevant target for antischistosomal trioxaquines.
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